Detachment and detachment mechanisms of nanoparticles from flat surfaces subjected to shock waves are investigated by employing molecular gas dynamic simulations using the direct simulation Monte Carlo method and experimental transient pressure data. Two mechanisms for nanoparticle detachment based on rolling moment resistance of the adhesion bond and the elastic restitution effect are introduced. As a result of present simulations, it is computationally demonstrated that the pulsed laser-induced shock waves can generate sufficient rolling moments to detach sub-100-nm particles and initiate removal. The transient moment exerted on a 60 nm polystyrene latex particle on a silicon substrate is presented and discussed.
Detachment and detachment mechanisms of nanoparticles from flat surfaces subjected to shock waves are investigated by employing molecular gas dynamic simulations using the direct simulation Monte Carlo method and experimental transient pressure data. Two mechanisms for nanoparticle detachment based on rolling moment resistance of the adhesion bond and the elastic restitution effect are introduced. As a result of present simulations, it is computationally demonstrated that the pulsed laser-induced shock waves can generate sufficient rolling moments to detach sub-100-nm particles and initiate removal. The transient moment exerted on a 60 nm polystyrene latex particle on a silicon substrate is presented and discussed. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2198817͔ Detachment and removal of sub-100-nm particles is a challenging problem in various industries such as semiconductor manufacturing, lithography, and nanotechnology. Removal of nanoparticles from flat substrates using shock waves generated by a laser-induced plasma ͑LIP͒ was experimentally demonstrated. [1] [2] [3] However, to gain better understanding for the detachment mechanisms, the resultant force and rolling moment induced on the particle by the LIP shock wave front need to be determined. Since for sub-100-nm nanoparticles the Knudson number K n exceeds 0.1, the applicability of the Navier-Stokes equations for the gas motion becomes questionable as the continuum assumption for the medium breaks down 4 due to the invalidity of the transport terms in these equations.
Moment balance of forces acting on a particle in obtaining a detachment criterion has been traditionally used for the onset of rolling-based detachment. This criterion assumes no resistance rolling moment at the adhesion bond. In recent years, it has, both analytically 5 and experimentally, 6 been demonstrated that the adhesion bond between a particle and a surface indeed creates a resistance against the rolling initiation of the particle. As a result, it is now known that a restitution moment exists. In the present study, two potential removal mechanisms based on the rolling moment resistance and rocking resonance of a particle due to the restitution moment are introduced. The transient forces and moments acting on a sub-100-nm cylindrical particle, with length equal to the diameter, are calculated in the current study using the direct simulation Monte Carlo ͑DSMC͒ method. 4 The boundary conditions needed for the DSMC simulations are derived from the LIP transient pressure experiments using the initial temperature prediction by Dors. 7 Three well-recognized nanoparticle removal mechanisms are rolling, sliding, and lifting, among which the rolling detachment is the dominant mode for spherical particle removal from flat substrates. According to rolling moment resistance theory, 5 the critical moment M crit for a spherical particle on a flat surface, corresponding to a critical angle the particle can rotate, is given by
where W A is the work of adhesion representing the bonding strength to the surface, D the diameter of the particle, and crit the critical angle of rotation of the particle required for detachment. While there is no simple method that has been provided for predicting crit by the rolling moment theory, it is often taken as the rolling required to make a tangent displacement on the surface on the order of the molecular size or the lattice distance of the particle and/or the substrate materials. In many cases, atomic and/or molecular-level surface irregularities prevent accurate predictions for crit . In the present study, it is approximated in the range of 1 -5 nm. The corresponding critical angle can be determined as crit = ͑2-10͒ ϫ 10 −9 / D. The velocity, pressure, temperature, and density of the shock wave decrease exponentially as the shock wave propagates, which implies that there is a critical distance from the center point of the plasma for the removal of particles of certain size. Beyond the critical distance the shock wave is no longer strong enough to remove the particle. Nevertheless, considering the real gas fluctuations, we introduce another possible nanoparticle removal mode: 6 rolling by resonant frequency excitation. For a particle beyond the critical distance the moment on it can only rotate the particle to an angle less than crit . Then the particle stays there swinging back and forth to a small fraction of the angle, due to the pressure fluctuation. If the fluctuation frequency of the exerted pressure is close to the resonant frequency of the particle, the amplitude of the rocking will gradually increase until crit is reached, and the particle will be removed. The resonant frequency f n for a particle with a diameter D is calculated via
where is the mass density of the particle ͓ = 1040 kg/ m = 23.5 mJ/ m 2 , the resonant frequency of its rocking motion is calculated as f n = 488 MHz.
In the present DSMC simulations, the normal shock wave front velocity v ͑with the radial v r and axial v z components͒ and pressure P are approximated from experiments as v = 15.05t −0.3 m/s and P = 0.17t −1.1 Pa, respectively, where t is the time in seconds. The initial temperature behind the shock wave at d = 2 mm, i.e., the maximum temperature of the shock wave front when it first reaches the substrate surface, is taken as 450 K following Dors. 7 The temperatures of the consecutive shock wave fronts can be obtained with aid of the pressure measurements and this initial temperature value at d = 2 mm by utilizing the Rankine-Hugoniot equation for the specific heat ratio of 1.4, T 2 / T 1 = P 2 / P 1 ͓͑6 + P 2 / P 1 ͒ / ͑1+6P 2 / P 1 ͔͒, where subscripts 1 and 2 correspond to the two consecutive thermodynamic states of the medium. The molecular density n of the shock wave needed for the simulations is obtained from the ideal gas law with the Boltzmann constant k = 1.380 66ϫ 10 −23 J / K. From the experimental data, 8, 9 it is estimated that the shock wave propagates with an approximate thickness in the range of ␦ = 0.1-1 mm. In Fig. 1 , a schematic of the shock wave propagating along the substrate surface and the simulation domain is shown.
The rolling moment exerted on the particle by the shock wave front is required for the rolling resistance moment detachment criterion ͓Eq. ͑1͔͒. In the simulations presented in this study, a cylindrical particle with the length equal to that of the diameter is used to approximate the pressure field around a three-dimensional spherical particle. A general purpose two-dimensional ͑2D͒ axisymmetric code ͓DS2V ͑Ref. 10͔͒ is employed for calculating the transient pressure per unit length of a nanocylinder.
The medium for shock propagation is assumed to be the ideal air at ambient temperature ͑T = 298 K͒ and pressure ͑P = 101.325 kPa͒ with the molecular number of n = 2.46 ϫ 10 25 m −3 . In the simulations reported, the particle is assumed to be in point contact with the substrate. The surfaces of the substrate and the particle form a rigid boundary at constant ambient temperature for the simulation domain. A LIP core is created above the center of the substrate and the distance between them is set to d =2 mm ͑Fig. 1͒. It is assumed that there is no velocity, temperature, and pressure variation inside the shock wave. In the simulations, the transient rolling moment and force acting on a particle with a diameter of D = 60 nm placed at a distance of r p from the center OЈ of the substrate ͑Fig. 1͒ are calculated.
The shock wave entering the simulation domain boundary from the left is represented by a straight line with a slope of ␣ = tan −1 ͑r p / d͒ with respect to the surface ͑Fig. 1͒. In simulations the shock wave velocity is projected in the r and z directions. The properties of the arriving shock wave front at a number of particle locations r p are listed in Table I . The transient moment on the 60 nm particle positioned at r p = 4 mm in the first 40 ns of the gas-particle interactions is depicted in Fig. 2 . When the wave front arrives at the particle location, the moment increases rapidly to reach a maximum value, and then it drops to a fraction of the maximum and remains at that level, fluctuating at a small amplitude. This fluctuation will last as long as the particle is within the shock wave thickness ͑hundreds of nanoseconds͒ and is quite stable during the entire simulation. The maximum values of the transient moments exerted on the 60 nm particles at a number of locations from the center OЈ are summarized in Fig. 3 . The upper bound and lower bound of the critical moment M crit for 60 nm PSL particles on a silicon film are 66.4 and 13.3 nN nm, respectively. They are represented as dashed lines in the figure.
According to the data presented in Fig. 3 , based only on the rolling mode of particle removal criterion and the critical values chosen for the onset of detachment, PSL particles on a silicon substrate in the circular area defined by 0.5 mmഛ r p ഛ 4 mm can be removed since the maximum moments are greater than the upper bound of M crit . For particles in the zone 4 mmϽ r p ഛ 16 mm, the maximum moments are between the upper and lower bounds, implying that there is a chance for these particles to be removed. The probability for removal increases as the moment increases closer to the upper bound. According to Fig. 2 , for a particle at r p = 4 mm the transient moment reaches a maximum of 60.5 nN nm and then fluctuates at a mean value of 41.7 nN nm. The maximum moment is just below the upper bound of M crit , 66.4 nN nm, as shown in Fig. 3 , indicating it may or may not be rolled away. However, the resonant frequency of the rocking mode of motion can become dominant and result in detachment even in this zone since the frequency spectrum of the rocking excitation, depicted in Fig. 4 , covers the resonance frequency of the particle ͑488 MHz͒. The amplitude of the excitation is extremely low, yet the excitation time of the particle is on the order of microseconds, which is long compared with the nanosecond time scale of the problem. In a realistic situation, it is reasonable to expect that the detachment of particles is often a combined result of these two mechanisms.
Detachment of nanoparticles at the laser-induced shock wave front is investigated in molecular level. The transient rolling moment and resultant force acting on a nanoparticle as a result of the interactions between the gas molecules and the nanoparticle is determined by conducting a series of DSMC simulations due to the invalidity of the continuum assumption on this length scale. Two potential mechanisms for the detachment of particles at the nanoscale, based on rolling moment resistance and rocking resonance of the particle ͑due to elastic restitution effect͒, are introduced and utilized. It is demonstrated that the sub-100-nm PSL particles on a silicon substrate can be detached with the aid of a shock wave induced by a pulsed laser. The reported computational approach along with these nanoparticle mechanisms can be used in determining the sizes and efficiency of cleaning zones for nanoparticles from various surfaces such as wafers and extreme ultraviolet ͑EUV͒ photomasks. 
